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ABSTRACT Nitric oxide (NO') is a physiological messen-
ger formed by several cell types. Reaction with 02 forms oxides
that nitrosate amines at pH values near 7. We now report
experiments in which NO' was added to intact human cells and
to aerobic solutions of DNA, RNA, guanine, or adenine. TK6
human lymphoblastoid cells were mutated 15- to 18-fold above
background levels at both the HPRT and TK gene loci. Xan-
thine and hypoxanthine, from deamination of guanine and
adenine, respectively, were formed in all cases. NO' induced
dose-responsive DNA strand breakage. Yields of xanthine
ranged from nearly equal to about 80-fold higher than those of
hypoxanthine. Yields of xanthine and hypoxanthine from nu-
cleic acids were higher than those from free guanine and
adenine. This was most pronounced for xanthine; 0.3 nmol/mg
was formed from free guanine vs. 550 nmol/mg from calf
thymus RNA. Nitric oxide added to TK6 cells produced a 40-
to 50-fold increase in hypoxanthine and xanthine in cellular
DNA. We believe that these results, plus the expected deami-
nations of cytosine to uracil and 5-methylcytosine to thymine,
account for the mutagenicity of nitric oxide toward bacteria
and mammalian cells.

Many types of cells produce NO' through a common bio-
chemical pathway-i.e., the oxidation of arginine (1, 2).
Although the function of this NO' is related to its role as a
second messenger (3), or perhaps to targeted cytotoxicity (4),
there may also be collateral reactions leading to DNA damage
in neighboring cells (5, 6).
For many years it has been generally recognized that nitrite

(NO-) can deaminate purines, pyrimidines, and various
forms ofRNA and DNA under acidic conditions; this deam-
ination leads to mutations in prokaryotic organisms (7).
These reactions proceed through a pathway in which pro-
tonation ofNO2 leads to formation of N203, an electrophilic
nitrosating agent.
We proposed (8) that generation of NO' under physiolog-

ical conditions in the presence of 02 can reproduce the
chemical and mutagenic effects of NOj under acidic condi-
tions. Once formed, N203 (or N204) can react with unpro-
tonated amino groups in the presence of water (9). Low
concentrations of NO- in the presence of 02 in aqueous
solutions may also lead to nitrosyl donors by other mecha-
nisms.
We now demonstrate that, in the presence of 02, NO- can

cause a variety of types of damage to DNA as well as
mutations in a human lymphoblastoid cell line in culture. On
the basis of these results, we propose that cytotoxicity and
mutagenicity associated with the inflammatory process may
result from nitrogen oxide radicals in addition to the better-
known reactions of (or with) oxygen radicals.

EXPERIMENTAL PROCEDURES
Materials. Xanthine, hypoxanthine, adenine, guanine, calf

thymus DNA, yeast RNA, and transfer RNA (from bovine
liver) were purchased from Sigma. Heat-denatured DNA was
prepared by boiling calf thumus DNA solution (2.0 mg/ml)
for 15 min and quickly chilling it in an ice bath. [1,3-
15N21Xanthine was purchased from Cambridge Isotope Lab-
oratories (Cambridge, MA), and N-methyl-N-(trimethylsil-
yl)trifluoroacetamide was purchased from Pierce. Nitric ox-
ide (NO-) was supplied by Matheson or Aldrich. HPLC grade
ammonium acetate and organic solvents were from Fisher
Scientific. [14C]Thymidine (57 mCi/mmol; 1 Ci = 37 GBq)
was purchased from ICN.

Mutagenicity Assays. Mutagenicity assays were conducted
in TK6 human lymphoblasts (10) as described (11). Treatment
with nitric oxide was as follows: 100-ml cultures containing
4 x 105 cells per ml ofRPMI 1640 medium supplemented with
10%o horse serum were contained in 500-ml glass Erlenmeyer
flasks. The mouths of the flasks were covered with sterile
Parafilm. Nitric oxide was introduced directly into the me-
dium with a sterile stainless steel cannula. The nitric oxide
volume was controlled by delivery with a syringe that had
been purged with nitrogen to remove oxygen. Nitric oxide
was introduced into the culture at =1 ml/sec, and the vessel
was capped and shaken. Cultures were incubated for 1 h at
370C and then centrifuged at 1000 x g for 5 min. The cell
pellets were resuspended in 100 ml of the medium and
cultured for 6 days to allow phenotypic expression. The
expressed cultures were plated in the presence of trifluo-
rothymidine (three 96-well plates at 30,000 cells per well), in
the presence of 6-thioguanine (three 96-well plates at 30,000
cells per well), or in the absence of selective conditions (two
96-well plates at 2 cells per well). After a 12-day incubation,
plates were scored for the presence of a colony in each well.
Nitric oxide mutagenicity was examined in two independent
experiments with a total of six replicate cultures for each
treatment. The positive control was 140 ng of 4-nitroquino-
line-N-oxide per ml. The results of the two independent
experiments were pooled and analyzed according to standard
methods (11).
DNA Strand Breaks. DNA strand breaks in the TK6 cells

were detected through a modified version of the DNA
precipitation assay described by Olive (12). Cells in RPMI
1640 medium supplemented with 10% horse serum were
radiolabeled for 20 h with 0.02 uCi of ['4C]thymidine per ml
in 5% CO2 at 37C followed by incubation for 2 h in fresh
serum-free medium. Four milliliters of the radiolabeled TK6
cells (5 x 105 cells per ml) was placed in a 6-ml vial.
Dose-response experiments were done by introducing vari-
ous concentrations (0.125, 0.25, and 0.5 ml/ml)§ of nitric
oxide through the rubber septum into the medium. The

Abbreviation: TMS, trimethylsilyl.
tTo whom reprint requests should be addressed.
§At STP 0.1 ml ofNO' equals 2.2 jmol; this was checked by analysis
of nitrate and nitrite in the culture medium.
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sample was mixed and incubated at 370C for 1, 4, and 24 h.
After incubation, cells (100 ,ul) were lysed in plastic tubes at
0C for 1 min in 0.5 ml of solution containing 2% SDS, 10 mM
EDTA, and 10 mM Tris to which 1 ml of 0.05 M NaOH was
added just prior to lysis. KCI (0.5 ml, 0.12 M) was gently
added, and the tubes were capped and placed in a water bath
at 650C for 10 min, cooled on ice for 5 min, and centrifuged
for 10 min at 3500 x g. The supernatant was decanted into a
liquid scintillation vial containing 1 ml of 0.05 M HCL. The
pellet was resuspended twice in 1 ml of650C water, vortexed,
and poured into a scintillation vial for determination of
radioactivity by liquid scintillation counting. The percentage
of DNA damage was expressed as a ratio of radioactivity in
the supernatant to the sum of the radioactivities of the
supernatant and the pellet multiplied by 100. Our historical
background for DNA single-strand breaks by this method is
13.8% ± 4.9% (range = 3.2-24.9%; 95% confidence interval
= 12.6-15.0%; n = 67). Experiments in which the back-
ground level exceeded 25% were rejected. A statistically
different result from background due to treatment requires
DNA damage to exceed the 95% upper confidence level of
both the historical data and the concurrent control (P < 0.05).
In Vitro Modification of Nucleic Acids and Bases. Calf

thymus DNA, yeast RNA, and transferRNA (0.5 mg ofeach)
and adenine and guanine (300 nmol of each) were placed
individually in 1.5-ml Eppendorftubes and dissolved in 0.5 ml
of sodium phosphate buffer (50 mM, pH 7.5). The tubes were
covered with rubber caps, and nitric oxide was introduced
from a syringe through the rubber cap (into the liquid). The
ratio of gas to solution was 0.5 ml ofNO- per ml. The samples
were vortexed for 1 min and then shaken gently in a Gyrotory
water bath (New Brunswick, NJ) for 3 h at room temperature.
The DNA was precipitated by addition of two volumes of
cold (-300C) ethanol, and the pellet and supernatant were
separated by centrifugation. The samples were dried under
vacuum and stored.

Depurination. DNA depurination was by mild acid hydro-
lysis. The dried DNA residue was dissolved in 0.25 ml of
water and 0.25 ml of 0.2 M HCI, and 2 nmol of [15N2]xanthine
(20 ,1 of 0.1 nmol/,ul) was added. The mixture was heated for
30 min at 80°C. After cooling, the acid hydrolysate was
analyzed by HPLC.
HPLC Analyses. HPLC analyses were performed with a

Hewlett-Packard 300 Chem Station. UV detection was by a
Hewlett-Packard 1040 diode array detector over the range of
200-400 nm. Spectra of peaks detected at the monitoring
wavelength were stored for later analysis. A stepwise gradi-
ent of solvent A (30 mM ammonium acetate, pH 3.2/
methanol/acetonitrile; 200:5:5, vol/vol) and solvent B (dou-
ble-distilled water) at a flow rate of 1.5 ml/min on a Partisil
10 strong cation-exchange (SCX) 25 x 0.46 cm column was
used (Whatman). The acid hydrolysate (500 ,l) was injected
into the HPLC column, and the effluent containing xanthine
and hypoxanthine eluting between 2.90 and 5.0 min was
collected into a silanized vial, dried in a Speed-Vac, and kept
for GC-MS analysis. Adenine and guanine were also quan-
titated by HPLC by comparing the peak area of the unknown
with an external standard run under the same conditions with
UV set at 254 nm.
GC-MS Analysis of Xanthine and Hypoxanthine. The dried

residue of xanthine and hypoxanthine collected earlier was
neutralized with 150 ,ul of a solvent mixture (acetonitrile/
methanol/ammonium hydroxide; 90:5:5, vol/vol) and dried
under vacuum. The residue was dissolved in acetonitrile (100
,A) and pyridine (20 ,ul). Trimethylsilyl (TMS) derivatives
were made by addition of N-methyl-N-(trimethylsilyl)triflu-
oroacetamide (80 1.L) and heating at 100'C for 1 h. Xanthine
and hypoxanthine are completely converted to the tri-TMS
and di-TMS derivatives, respectively.

The derivatized standards and samples were analyzed on a
Hewlett-Packard model 5987 gas chromatograph mass spec-
trometer operated in the electron ionization mode. The
electron energy was 70 eV. The source temperature was
210'C. Dwell times were 200 msec per ion. The columns were
fused-silica capillary, either a 12 m x 0.2 mm HP-1 (Hewlett-
Packard) or a 15 m x 0.25 mm DB-5 (J & W Scientific,
Rancho Cordova, CA). The injection port and transfer lines
were at 240'C. The carrier gas was ultra-high-purity helium
(Medtech, Medford, MA), with a flow rate ofabout 2 ml/min.
Samples were injected in the splitless mode with an initial
oven temperature of 150'C for 2 min, followed by a temper-
ature program to 220'C at 10'C/min, then to 280'C at 250C/
min, with a final hold at 280'C for 2 min. The electron
ionization mass spectra are characterized by a base peak at
M - 15. When analyzed at similar concentrations, the nucleic
acid bases and the compounds under study were well re-
solved on a 12-m HP-1 fused-silica capillary column. The
levels of the compounds of interest in the DNA hydrolysate
were small compared to the levels of adenine and guanine, so
it is necessary to perform HPLC clean-up prior to GC-MS
analysis. Adenine and guanine can be quantitated simulta-
neously in the same HPLC separation.

Quantitative analysis was carried out by monitoring the M
- 15 ion ofthe TMS-derivatized [15N2]xanthine at m/z 355 as
internal standard; for xanthine and hypoxanthine, the corre-
sponding ions at m/z 353 and m/z 265 were used.

RESULTS
Nitric Oxide Cytotoxicity and Mutagenicity. Nitric oxide

was tested for mutagenicity at concentrations of 0.125, 0.25,
and 0.375 ml of nitric oxide gas per ml of culture medium for
1 h after direct addition of nitric oxide to the medium. This
treatment induced a substantial concentration-dependent de-
crease in relative survival and concentration-dependent in-
crease in mutant fraction at both the HPRT and TK loci in
TK6 human lymphoblasts (Fig. 1).
The concentration dependence was approximately linear;

the highest concentration tested, 0.375 ml of nitric oxide per
ml of culture medium, induced a 15- to 18-fold increase in the
mutant fraction over the concurrent negative control values
at both loci.

Nitric oxide was cytotoxic at all concentrations tested. The
relative survival at the highest concentration was 0.12. The
fold increase in the mutant fraction was, at all concentrations,
greater than 1/(relative survival). Therefore systemic bias
(i.e., preferential survival of mutant cells) could not have
caused the response. This is supported by reconstruction
experiments, which found no systematic bias in the TK6
system (10).
The addition of nitric oxide resulted in a modest decrease

in pH. Cultures exposed to 0.125 and 0.25 ml of nitric oxide
per ml had a pH in the range ofpH 6.6-7.0. Cultures exposed
to 0.375 ml of nitric oxide per ml had a pH of 6.1. In some in
vitro mutagenicity assays, exposure to low pH is mutagenic
(15, 16). We believe that the pH drop is not a factor in the
mutagenicity of nitric oxide because a mutagenic response
was observed at normal pH. In addition, the concentration of
HNO2 (pKa = 3.4) is negligible above pH 6 (i.e., the effects
could not have resulted from protonation of nitrite).

This conclusion is supported by our observation that nitric
oxide was nontoxic and nonmutagenic to TK6 cells when the
gas was injected into the culture headspace; a comparable
decrease in pH had no significant effect on the mutant
fraction or relative survival.
DNA Strand Breaks. Under conditions comparable to those

used for the mutation experiments, NO- elicited both dose-
and time-dependent DNA single-strand breaks in treated
TK6 cells (Fig. 2). One hour after treatment, there was no
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FIG. 1. Relative survival (*) was calculated based on analysis of
cell growth after nitric oxide treatment (13, 14). Values are plotted as
means. Mutant fraction values are plotted as the mean and standard
deviation of six replicate observations. o, values at the TK locus; c,

values at the HPRT locus. The historical negative control data base
for these gene loci in TK6 cells contained 70 observations with a

mean mutant fraction of 1.41 x 10-6 and standard deviation of 0.7 x

10-6 for the HPRT locus and 309 observations with a mean mutant
fraction of 1.35 x 10-6 and a standard deviation of 0.76 x 10-6 for
the TK locus. Exposure to 0.25 and 0.375 ml of nitric oxide per ml
of culture resulted in a statistically significant increase in the mutant
fraction when compared to the concurrent negative control (Dun-
nett's t test, 95% confidence level) and the historical negative control
data base (9). The positive control, 140 ng of 4-nitroquinoline-N-
oxide per ml, induced mutant fractions of 3.7 x 10-5 and 2.5 x 10-5
at the TK and HPRT loci, respectively.

significant difference in the amount of DNA damage in
untreated cells and cells that were treated with 0.125 and 0.25
ml of NOB per ml, although the high dose of NO- (0.5 ml/ml)
caused DNA damage that was significantly higher than the
background level. Four hours after exposure, DNA damage
in all treated cultures was significantly higher than back-
ground levels. The highest dose again caused the highest level
of DNA damage. Twenty-four hours after treatment, no
difference in DNA damage was noted between the untreated
sample and the sample dosed at 0.125 ml/ml, although the
two highest doses of NOB treatment caused extensive DNA
damage.
The nonlinearity observed in these experiments suggested

thatDNA damage caused by NOB treatment might be repaired
by an inducible enzyme system. To test this possibility, TK6
cells were first treated with 0.125 and 0.250 ml ofNOB per ml.
One or 20 h later, both cultures were treated with 0.5 ml of
NOB per ml, and DNA damage was assessed after a total
exposure of 4 or 24 h, respectively. Both treated cultures
contained over 70%o damaged DNA after 4 and 24 h of
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FIG. 2. Calf thymus DNA was treated with nitric oxide and then
depurinated by mild acid hydrolysis. The resulting xanthine (m) and
hypoxanthine (-) were quantitated by GC-MS using [15N2]xanthine
as the internal standard. Statistically significant dose-related in-
creases were observed with both compounds.

treatment. The similarity in the levels of DNA damage with
and without NOR pretreatment suggested that DNA damage
caused by NOB treatment is not repaired by an inducible
enzyme system.
We also investigated whether DNA damage caused by

successive NO- treatments was additive. Two cultures of
TK6 cells were dosed with 0.5 ml ofNO per ml, either in one
dose or in four hourly doses of 0.125 ml/ml. The relationship
between dose andDNA damage is complex, and it is probable
that the delivered dose is greater with multiple small doses
than with a single larger dose ofequivalent volume. Although
both cell cultures exhibited significant DNA damage, the
culture that had been dosed in four treatments experienced
the higher level ofDNA damage. These experiments suggest
that the treatments are approximately additive and that in this
cell line neither induction nor repair of NO-induced DNA
damage takes place.

Deamination of Purine Bases. The deamination of purines
from various nucleic acid substances after treatment with
nitric oxide is summarized in Table 1. Neither xanthine nor
hypoxanthine was detected in either the pellet or the super-
natant of the control samples. Deamination of free adenine
occurs in higher amounts than that offree guanine. However,
the level of deamination of nucleic acids occurring at guanine
bases was much higher than that at adenine bases. The
deamination of guanine in yeast RNA was almost complete,
with about 78% conversion to xanthine. Calf thymus DNA
exhibited a monotonic dose-response to NOB over the entire
range of doses (Fig. 3).
Deaminated bases were also found in DNA isolated from

cultured cells treated with nitric oxide. About 101 cells were
used in DNA isolation from TK6 cells. The DNA measured
by UV spectroscopy was 670 ,ug and 625 ,ug for the control
and the NO -treated cells, respectively. From theDNA ofthe
treated cells, hypoxanthine was found to be 5.3 nmol/mg of
DNA, and xanthine was 2.8 nmol/mg of DNA. These are 39
and 47 times higher than the hypoxanthine and xanthine in the
control DNA. Only the DNA pellet was analyzed in this
experiment, and it is presumed that additional xanthine and
hypoxanthine were present in the cell supernatant.

DISCUSSION
Nitric oxide induced a concentration-dependent increase in
the mutant fraction over the dose range of 0.125-0.375 ml of
nitric oxide gas per ml of culture medium. The mutant
fractions at both gene loci increased to 15- to 18-fold over the
concurrent negative controls. The results at both the TK and
HPRT loci were qualitatively and quantitatively similar,
which is consistent with previous observations (10).
The nitric oxide concentrations that induced a significant

response were relatively high (>5 mM). For comparison,
several direct-acting, electrophilic mutagens, such as ni-
trosomethylurea, ICR-191, and 4-nitroquinoline-N-oxide, are
active in TK6 cells at the 0.1-10 AM range (10). Millimolar
concentrations of other mutagens, such as butyl methane-

Table 1. Nitric oxide deamination of purine bases from
various sources

Hypoxanthine, Xanthine,
nmol/mg nmol/mg

Sample of nucleic acids of nucleic acids
Adenine 0.6
Guanine 0.3
Calf thymus DNA 8.4 39.3
Yeast RNA 7.2 549*
Bovine liver tRNA 2.6 32.8

Samples were treated with nitric oxide at 22 Amol/ml.
*Eighty percent of the total guanine.

Proc. Natl. Acad. Sci. USA 89 (1992)
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FIG. 3. TK6 cells were radio-
labeled with [14C]thymidine,
treated with nitric oxide, and then
analyzed for DNA single-strand
breaks by a precipitation assay
(12). DNA damage is expressed as
the percentage of radioactivity in
the pellet and the supernatant fol-
lowing precipitation with respect
to the total radioactivity in the
pellet and the supernatant. Both
dose-related and time-related in-
creases in strand breakage were
observed. The method of statisti-
cal analysis is described in the
text.
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sulfonate, are sometimes needed to observe statistically
significant mutagenic responses. However, the method of
delivery of NOW used in these experiments is relatively
inefficient, and it is probable that a great deal escapes into the
gas phase without forming N203 in solution. In contrast,
macrophages may produce pmol per cell per h over days (17,
18) so that neighboring cells would be exposed to a constant
barrage of N203. Although earlier workers had demonstrated
the bacterial mutagenicity of methyl nitrite (19) and malignant
transformation of 3T3 cells by sodium nitrite (20), we believe
this is the first report of mutagenicity by NO0 in mammalian
cells under normal culture conditions.
The mechanisms of mutagenesis of cells by NO- are

uncertain, but our results suggest some alternative non-
mutually exclusive hypotheses. The ability of N203 to deam-
inate aromatic amines via their aryl diazonium ions is well
known as is the mechanism of acid-catalyzed nitrite trans-
formation in nucleic acids (7). The rates and products ofthese
reactions for purine and pyrimidine bases and nucleosides
and nucleic acids have been established by the elegant studies
of Shapiro and Pohl (21). It is clear from these earlier studies
and the present work that relative rates of deamination
depend on both the individual base and the nucleic acid
structure, but, in DNA, guanine is relatively more reactive
than adenine, whereas cytosine and adenine are comparable.
This is in marked contrast to the thermal hydrolytic deami-
nation reactions in which cytosine>adenine>>guanine (22,
23). Cytosine deamination in double-stranded DNA in Esch-
erichia coli is extremely slow, with a half-life of about 30,000
years, whereas that for single-stranded DNA is 200 years
(24). Therefore, catalyzed deamination may add greatly to the
burden of existing DNA repair systems.

In addition to mispairing of deaminated bases, the insta-
bility of hypoxanthine and xanthine in DNA leads to depu-
rination and subsequent strand breakage (25). Both of these
phenomena have been observed in calf thymus DNA and in
intact cells in our experiments and potentially contribute to
both cytotoxicity and mutagenicity (26). A third possibility,
not explored here, is the formation of intrastrand cross-links
via attack of the aryl diazonium ion of one purine on the free
amino group ofa second purine in the matching strand (7, 27).
This type of cross-linking is presumably more likely to result
in toxicity than in mutagenesis. Earlier work had shown that
single-strand breaks could be caused by NO2 but not NOW in
the absence of 02, supporting the notion that these breaks
occur as a result of nitrosative deamination (28).
Our observation that NOW deaminates guanine faster than

other bases suggests an important difference from the ines-
capable thermal hydrolytic mechanism. Deamination prod-
ucts of cytosine and adenine may be repaired (29, 30), but the

extreme instability of xanthine in DNA (31) leads to its rapid
depurination (32). The rate of deamination of guanine may
normally be so slow, and the half-life of xanthine may be so
short that no excision repair system evolved.
The mutations that might arise from nitrosative deamina-

tion are summarized in Table 2. Based on relative rates of
deamination of the different bases in DNA, we would predict
that G*C -- AFT transitions would predominate in molecular
mechanisms of mutagenesis in cells exposed to NO. This
type of mutation has been shown to result from the exposure
of E. coli to NO- (36). This is supported by the observation
that tetranitromethane, a nitrosating agent, yields trans-
formed K-ras genes with predominantly a G-C - A-T tran-
sition in lung tumors oftreated rats and mice (37). In addition,
an earlier analysis of the nitrous acid mutagenesis literature
also concludes that in viruses and yeast, transitions, partic-
ularly G-C -* AFT, best explain the amino acid substitutions
found in expressed genes (38). These are not unique trans-
formations because similar selectivity could also arise via
exposure to other chemicals.
An analysis of p53 mutations in human cancers (39) dem-

onstrates that in the most prevalent tumor sites two types of
conversions dominate. In colon cancer, transitions at CpG
dinucleotide mutational hot spots could arise via methylation
at cytosine followed by deamination to thymine induced by
NOW released as part of the inflammatory process. This
hypothesis is supported by the observation that nitrite accu-
mulates in the lower gastrointestinal tract under pathological
circumstances (40). On the other hand, transversions in p53
of G-C -* TEA are most frequently seen in liver and lung
cancers, and these could be related to NO-induced depuri-
nation (26). In the case of hepatocellular carcinoma, it has
been shown that hepatitis B virus infection in woodchucks
leads to increased urinary nitrate (41). Studies on one human
subject with chronic active hepatitis resulting from hepatitis
B virus infection also demonstrate greatly elevated urinary
nitrate output (C. Leaf and S.R.T., unpublished results).
Elevated urinary nitrate has also been found in humans
infected with liver flukes at elevated risk for cholangiocar-
cinoma (42) and in populations infected with Schistosomiasis

Table 2. Types of mutations that potentially arise from
deamination of DNA bases

Conversion Type of mutation Ref.
5-Methylcytosine -> thymine G-C - A-T 33
Cytosine uracil G-C - APT 34
Adenine - hypoxanthine A-T G-C 35
Guanine *xanthine -. apurinic site G-C - TEA 26
Adenine- hypoxanthine -. apurinic site ACTS TEA 26
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mansoni (43). Since the nature of mutations in key genes
(protooncogenes and/or tumor suppressor genes) in the last
two tumor sites is unknown, these might be important
experiments to test the generality of our hypothesis that
nitrosative deamination is an important mechanism of muta-
genesis leading to some human cancers.

Inflammation attracts many types of cells to the affected
tissue or organ. These cells have traditionally been viewed as
important sources of oxygen radicals, which in turn are
implicated in mechanisms of cell injury (44). The addition of
NO to the armament of defense mechanisms adds a new
dimension to the chemistry and biochemistry of the inflam-
matory process. NO-, via its reaction with 02 to form N203,
has been shown to directly damage DNA and to cause
mutations in human cells. In addition, the interactions ofNO0
and 02-- (45, 46) may generate HO-, which is the most
damaging of the oxygen radicals. The chemistry of inflam-
mation in any tissue will therefore depend on the types of
leukocytes migrating to that tissue. This pattern will vary
with both time and agent. Analysis of this problem in situ in
specific organs will require specific probes and methods of
dosimetry for all types of implicated reactants and their
products related to cell injury.
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